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Immunological maturation,  the gradual increase in  affinity for antigen of serum 
antibody with time after immunization, has been postulated to result from a competi- 
tion among precursors of antibody-forming cells for available antigen (1,  2). Thus, as 
the  antigen  concentration  in  the  cellular environment  falls,  only  those  cells with 
antigen-binding receptors of sufficiently high avidity to capture antigen will continue 
to be stimulated, proliferate, and mature into antibody-secreting cells. Furthermore, 
this thesis requires that the binding characteristics of the receptor on the precursor 
cell are identical, or very similar, to those of the antibody produced by the descendents. 
Results from our previous studies have supported this view (3, 4). In them, we have 
shown that immune maturation results from  the relative persistence of high-affinity 
antibody-producing cells later after immunization while the number of cells secreting 
lower affinity antibody falls rapidly after the early days of the immune response. This 
conclusion was based on an analysis of individual anti-2,4-dinitrophenyl (DNP) anti- 
body-secreting cells in guinea pigs immunized with 50 ttg of dinitrophenyl guinea pig 
albumin (DNP-GPA). By dividing the antibody-secreting cell population at each time 
point into  avidity groups  (see below),  it was  possible to  follow independently the 
changes in frequency of cells producing antibody of different affinities. It was found 
that  among  the  population of  antibody-secreting cells which  appeared  in  draining 
lymph nodes shortly after immunization were relatively large numbers of cells secreting 
high-affinity as well as cells secreting intermediate- and  low-at~nity antibody. The 
exponential increase in the number of antibody-secreting cells which occurred during 
the first few days of the response was an increase in frequency of cells in each avidity 
group. After 12 days, however, the relative frequencies of antibody-secreting cells in 
the various avidity groups changed markedly. The number of cells in the lower avidity 
groups began to fall in frequency while the number of cells in the higher avidity groups 
was preserved. By day 30, only high-avidity producers remained. 
These changes are most easily explained in terms of the original hypothesis of 
maturation  based  on  competition for  antigen.  It would  be  expected  that  the 
changes  in  relative  frequencies  among  cells  producing  antibody  of  various 
affinities would be preceded by similar changes in the proliferation rate of pre- 
cursors. We present evidence here that this is so. 
Materials and Methods 
Adult strain 13 guinea  pigs were immunized  by injection,  into the footpads,  of 50 ttg of 
DNP23-GPA emulsified in complete  Freund's adjuvant  (CFA). Animals received  1 mCi  of 
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[3H]thymidine  (~15  mCi/mM)  intraperitoneally on each  of  2  successive days either early 
(6 days) or late  (13-14 days) after immunization. On the day after the [SH]tbymidine injec- 
tions,  the  animals were  sacrificed and  the  draining lymph  nodes  analyzed  for  anfi-DNP 
plaque-forming cell (PFC)  response by a  modified Jerne plaque technique in which trinitro- 
phenyl  (TNP)-coated sheep erythrocytes are used  (5).  Plaques were developed with rabbit 
~nti-72  antiserum.  Under  these  conditions  of  immunization  and  plaque  assay,  virtually 
all of the PFC are indirect. The relative avidity of antibody produced by PFC was measured 
by a  hapten inhibition procedure  in which  various concentrations of ~-DNP-L-lysine were 
incorporated into the agar (3). 
FIG.  1.  [3H]thymidine labeled PFC.  Guinea pigs were immunized with 50 ~zg of  DNP23- 
GPA in CFA in the footpads.  24 and 48 h  before sacrifice,  I  mCi [3H]tbymidine (> 15 mCi/ 
raM) was given intraperitoneally.  Suspensions were made from popliteal, inguinal, and axil- 
lary lymph nodes and the anti-DNP PFC  response measured. In addition, anfi-DNP PFC 
were divided into groups of different affinity as described in the text (3). TNP-coated erythro- 
cytes were used as indicator cells (5), and rabbit anti-T2 antiserum (1:200 dilution) was used 
to facilitate indirect PFC  formation and inhibit direct PFC.  After PFC  were developed by 
guinea pig complement, slides were washed twice with phosphate-buffered saline (PBS) and 
the cells were fixed by exposure to 1% glutaraldehyde in PBS for 30 rain. After washing the 
slides repeatedly in distilled water to remove salts, the slides were dried in an oven, processed 
for autoradiography using NTB-2 nuclear track emulsion (Eastman Kodak  Co.,  Rochester, 
N. Y.), and exposed for 8-10 days. The developed autoradiographs were  stained with methyl 
green-pyronin. Plaques were located by scanning at X  125 magnification (Fig. 1 A). The label- 
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RESULTS  AND  DISCUSSION 
PFC which produce high-affinity antibody will be inhibited from lysing the 
TNP-erythrocytes  by  low  concentrations of  free  e-DNP-L-lysine while  the 
inhibition of those producing low-affinity antibody will require high concentra- 
TABLE I 
Fraction  of Labeled Cells in PFC and  Non-PFC Populations 
Time after 
immunization 
Fraction of cells labeled* 
PFC  Non-PFC 
days  %  % 
8  31.6 -4- 11.8~  6.2 -4- 5.2~ 
15-16  27.8 -4- 2.2  3.8 4- 2.3 
* Determined as in Fig. 1. 
Mean and standard  errors of four  to five animals assayed on four separate occasions. 
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FIG. 2. Effect of time after immunization on proliferation of PFC precursors. The fraction 
of labeled PFC in various avidity groups was measured in lymph node suspensions from ani- 
mals immunized 8 or  15-16 days previously. Each  point and brackets  are  the  mean and 
standard errors of four to five animals assayed on four separate occasions. 25-100 labeled 
PFC  were counted  for  each determination. 
tions of  free  hapten.  By determining the  frequency of  PFC  detected  in the 
presence of  a  series of hapten concentrations increasing at  tenfold steps,  the 
number of PFC  in each  of several avidity ranges was determined. Thus,  the 
highest avidity PFC are those inhibited by 10  -7 M  e-DNP-L-lysine. The PFC 
in the next highest avidity group are those inhibited by 10  -8 M  e-DNP-L-lysine, 
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10  -~ M  E-DNP-L-lysine, we  evaluated  the  frequency of PFC  in  four avidity 
groups. One set of PFC slides was used to determine the avidity profile of the 
total PFC population. An identical set of slides was processed for autoradiog- 
raphy (Fig.  1) and the avidity distribution of labeled PFC was determined. To 
be considered, a plaque had to contain only a single, centrally located, nucleated 
cell (Fig. 1). Usually, unlabeled PFC contained either 0 or 1 silver grain; labeled 
PFC  contained  >5  grains.  The  experiment was performed on  four  separate 
occasions with similar results. On both day 8 and days 15-16 after immuniza- 
tion,  the  fraction of PFC  labeled  is significantly greater than  the  fraction  of 
lymphoid cells not producing plaques  (non-PFC)  which  is labeled  (Table I). 
While the fraction of total PFC labeled does not differ between day 8 and days 
15-16,  the  avidity distribution  of the labeled PFC  does differ  (Fig.  2).  Early 
after immunization (day 8), the relative proportions of total and labeled PFC in 
the different avidity groups are the same, while later after immunization (days 
15-16), a very high proportion of high-avidity PFC are labeled and essentially 
none  of the  lowest avidity PFC  are  labeled.  An  intermediate  group  of PFC 
(those  inhibited  by  10  .5  M  e-DNP-t-lysine)  show  an  intermediate  labeling 
frequency. 
This result indicates  that  at a  time at which  the number of cells secreting 
high- and low-avidity antibody are increasing at a similar rate, the fraction of 
producers the precursors of which have recently divided is essentially the same 
in each category. On  the other hand,  when the number of cells secreting low- 
avidity antibody is beginning to fall while the number of cells producing high- 
avidity antibody is being maintained,  a marked difference in the proliferative 
rate of the precursors of these cells is noted. Virtually none of the precursors of 
low-avidity antibody producers have recently divided while a large fraction of 
the precursors of the  high-affinity producers have divided.  This provides the 
first direct demonstration that the increase in affinity of serum antibody is based 
upon  preferential proliferation of precursors of cells secreting high-affinity an- 
tibody and provides a major confirmation of the hypothesis  advanced  to  ex- 
plain  the  "maturation" of the antibody response. 
We thank Barbara johnson for expert technical assistance. 
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